We describe important variations in the crystal chemistry of fluorapatite from the manganiferous deposit at the St. MarcelPraborna mine in the Val d'Aosta, Italy. Three types of fluorapatite were observed. Their cathodoluminescence, coupled with in situ electron-microprobe analyses, reveal a direct relationship between the intensity of cathodoluminescence and the concentration of Mn 2+ and As 5+ . The progressive replacement of P by As and of Ca by Sr, linked to the fracturing of the minerals and circulation of fluid, has been observed in the latest-stage apatite. Arsenic efficiently quenches the luminescence due to the incorporation of trace amounts of the rare-earth elements, and only partially quenches emission due to high concentrations of Mn 2+ . A drastic increase in As, up to 10 wt% As 2 O 5 , quenches all luminescence.
INTRODUCTION
Arsenic-bearing apatite has been found in metamorphosed manganiferous ores in the western Italian Alps at St. Marcel -Praborna (Perseil & Smith 1996) , and in the Eastern Swiss Alps at Val Ferrera (Brugger & Gieré 1999) . Pentavalent As is known to partly replace P 5+ in the tetrahedral site in fermorite (Hughes & Drexler 1991) or to totally replace it in johnbaumite, the arsenate analogue of hydroxylapatite, and in svabite, the fluorarsenate analogue of fluorapatite (Dunn et al. 1980) . The main substitutions in apatite are the replace-ment of Ca 2+ by Mn 2+ , Sr 2+ and the rare-earth elements (REE). Strontium enters only the Ca(2) site, whereas Mn 2+ enters both Ca sites, but preferentially the larger [i.e., Ca(1)] site (Hughes et al. 1991a) ; the REE show a marked preference for the low-symmetry Ca(2) site (Morozov et al. 1970 , Tarashchan 1978 , Hughes et al. 1991b , Fleet & Pan 1995 . Eu 3+ , where present, occurs in the high-symmetry Ca(1) site (Gaft et al. 1997) . The incorporation of the rare-earth elements (REE) in apatite requires charge compensation, either by O 2-replacing F (Morozov et al. 1970) , or by coupled substitution of REE 3+ + Na + replacing 2 Ca 2+ (Efimov et al. 1962 , Roeder et al. 1987 , Rønsbo 1989 or REE 3+ + Si 4+ replacing Ca 2+ + P 5+ (Rønsbo 1989) or by 2 REE 3+ + Ⅺ replacing 3 Ca 2+ (Fleet & Pan 1995) . Our aim in this paper is to elucidate the As-bearing fluorapatite from St. Marcel -Praborna, Italy, and its geological environment, and to correlate crystal chemistry and cathodoluminescence (CL) emission spectroscopy.
GEOLOGICAL SETTING AND PREVIOUS FINDINGS
The St. Marcel -Praborna mine is located in the Val d'Aosta, in the western Italian Alps, and belongs to the lower part of the Piedmont Jurassic ophiolitic nappe, of oceanic origin (Martin-Vernizzi 1982) . The manganiferous deposits are enclosed in chert, transformed to quartzite in the basal part of the post-ophiolitic sedimentary cover (Debenedetti 1965 , Dal Piaz et al. 1979 . The ophiolites and their sedimentary cover were metamorphosed to the eclogitic facies (Martin-Vernizzi 1982 , Mottana 1986 , Martin & Kienast 1987 . The manganiferous cherts have been transformed to banded quartzites and pyroxenites. Lenses of massive Mn ores composed of braunite and accessory hausmannite are included in the pyroxenites as fine-grained braunitequartz rocks. Braunite is the predominant oxide in this deposit; it is commonly associated with a member of the cryptomelane-hollandite series.
The complex metamorphic evolution and the specific mineral assemblage were described in detail by Perseil (1988 Perseil ( , 1991 and Perseil & Smith (1995) . The pressuretemperature (P-T) path of metamorphism is subdivided into four main stages (Martin-Vernizzi 1982) . The first stage ("A") is a relict pre-eclogitic blueschist containing lawsonite and Na-Ca amphiboles included in late eclogitic garnet, comparable to the parageneses described by Brown et al. (1979) , who estimated a pressure of 8 kbar and a temperature of 350 ± 50°C. The second stage ("B") is a prograde eclogite-facies metamorphism reaching a temperature between 450 and 480°C according to the clinopyroxene-garnet geothermometer (Ellis & Green 1979 ) and a pressure of 8.5-10 kbar estimated from the activity of the jadeite component in the clinopyroxene (Holland 1980) . The third stage ("C") is a post-eclogitic blueschist paragenesis, with development of Na-amphiboles instead of omphacite. The temperature is estimated to have been 400°C using the albite-microcline geothermometer (Whitney & Stormer 1977) , and the pressure is estimated using the phengitic substitution in the trioctahedral micas (Velde 1967 ) at 7 kbar. The same P and T were estimated for the Breuil -St. Jacques area nearby (Ernst & Dal Piaz 1978) . The last metamorphic event ("D") led to the development of a greenschist-facies overprint in shear zones during the last stage of deformation. The P and T of this event are estimated using the Mn-incarbonate geothermobarometer (Peters et al. 1978) at 450°C and <6 kbar. The presence of apatite was mentioned in previous studies (Burckhardt & Falini 1956 , Brown et al. 1979 , Martin-Vernizzi 1982 ; however, no study was undertaken of the crystal chemistry of this mineral or of its habit and its petrographic occurrences.
PETROGRAPHY AND MINERALOGY OF THE FLUORAPATITE-BEARING ROCKS
In the quartzites, two different horizons were observed; the first is emerald-green, whereas the second is grey to pink. Late veinlets cross-cutting the manganiferous ores are faulted. It is in these veinlets that the Asbearing fluorapatite occurs. The emerald-green quartzitic horizon is a feldspathic quartzite composed of large crystals of albite, green chromian aegirine-augite (Morimoto 1989) , titanite, calcite, green tremolite (Leake et al. 1997) , green chlorite, Cr-bearing magnetite and fluorapatite. The grey to pink quartzite is composed of braunite, spessartine, piemontite and quartz. In the greenschist episode, the garnet -braunite -quartz association is stable only above 600°C (Huebner 1977) , higher than the eclogitic isotherm, estimated between 400 and 500°C (Martin-Vernizzi 1982) . Close to the late albite and calcite veinlets, As-bearing fluorapatite is euhedral or anhedral and contains numerous cracks (Fig. 1f) . As-and Sb-bearing titanite (Perseil & Smith 1995) , Sb-rich rutile (Perseil 1991) , and piemontite are associated with the fluorapatite. Optical and CL microscopy (see appendix for analytical methods) reveal three types of apatite within these rocks.
CHARACTERIZATION OF THE THREE TYPES OF As-BEARING FLUORAPATITE

Fluorapatite of type I, with a bright CL emission
Such fluorapatite is euhedral to subhedral, from 50 to 600 m in size. It is slightly rounded and contains cracks, which may locally be abundant. This type of fluorapatite occurs in thin bands that are located near late albite and carbonate veinlets in both emerald-green and grey to pink quartzites. The fluorapatite of type I contains numerous inclusions of quartz, rutile, titanite, and piemontite. In the grey to pink horizon, the fluorapatite is <100 m in size, has a bright yellow luminescence ( Fig. 1e ) and encloses zircon. Luminescence is very characteristic of the first type of fluorapatite. Its intensity is highest, and oscillatory growth-induced zoning is clearly developed, with a succession of brighter and darker zones. In general, the bright zones occur in the center of the mineral, overgrown by a succession of dark zones (Figs. 1a, b, e, 2) . The various zones show a bright yellow color that grades to yellow-green (Figs. 1a, b, c) . In some cases, the dark zone is located in the center of the crystal (Fig. 1d) . The oscillatory growthzones vary from 10 nm to 10 m across. In the emerald-green (Figs. 1a, b, d) or in the grey to pink quartzite horizon (Fig. 1e ), the subhedral fluorapatite shows obvious growth zoning. Close to the albite and calcite veinlets, the anhedral fluorapatite contains numerous cracks; a variation in CL intensity is noted along the cracks and fissures. The less intensely luminescent areas are close to the cracks (Fig. 1f) , and may be related to late circulation of fluid.
The oscillatory growth-zoning is also revealed on back-scattered electron (BSE) images and X-ray maps (Figs. 2, 3) . BSE images (Fig. 2a) confirm the oscillatory zoning observed on CL images (Fig. 2b ). In the emerald-green quartzite, the bright zones on the BSE image, which correspond to the higher mean atomic number (Z), are also less luminescent (Fig. 2) . In the analyzed crystals of fluorapatite (see appendix for details of the analytical methods), the increase in Z is due to the presence of As. In the grey to pink quartzite horizon, the zoning in the fluorapatite is more marked, and the high-Z zones on the BSE images are brighter than in the emerald-green quartzite horizon (Fig. 3a) . These crystals of fluorapatite may contain very strongly luminescent grains of zircon (Fig. 3b) . The bright center on the BSE image ( Fig. 3a) , which corresponds to the less luminescent area in the CL image ( Fig. 3b) , is linked to the substitution of P by As, as confirmed by X-ray mapping (Fig. 3c) .
The CL spectra (see appendix for details of the analytical methods) of the bright zones from fluorapatite from the emerald-green quartzite horizon show a large band centered between 560 and 580 nm (Fig. 4) due to the Mn 2+ activator (Portnov & Gorobets 1969 , Mariano & Ring 1975 , Roeder et al. 1987 , Blanc et al. 1995 1. Cathodoluminescence images of fluorapatite of type I. a-d. Fluorapatite from the emerald-green quartzite horizon (sample S.M. 23-1) showing complex zoning, indicated by the change in color from bright yellow to greenyellow and, in some cases, nonluminescent zones (a). The crystal in the center of the photograph in b (arrow) was also analyzed with SEM-CL imagery (Fig. 2 ) and CL spectrometry (Fig. 4) . In a, b, and c, the scale bar (on the apatite grain) is 50 m. Note that the red CL patches in Figure 1 are due to the luminescence of calcite and albite. The same grain is shown in SEM BSE and X-ray images (Fig. 6) , and the CL spectrum is given in Figure 7 . Mitchell et al. 1997) , and correspond to the d-d 4 T 1g → 6 A 1g electronic transition (Tarashchan 1978 , Marfunin 1979 . In the fluorapatite from the emerald-green quartzite horizon, the high concentration of Mn 2+ is accompanied by a high content of the rare-earth elements (REE). Such high REE concentrations induce CL emission of sharp lines that overlap the large Mn 2+ band centered at 576 nm (Blanc et al. 1995 , Mitchell et al. 1997 . They correspond to f-f electronic transitions (Tarashchan 1978 , Marfunin 1979 ). In the As-bearing zones within this apatite, the CL emission lines of the REE do not appear, and emission by the REE are quenched by the presence of As in the structure.
In the fluorapatite from the grey to pink quartzite horizon, the extent of substitution of P by As is shown by an X-ray map (Fig. 3c) . On CL spectra recorded under the same experimental conditions, the Mn peak decreases with the increase of the As-for-P substitution (Fig. 5 ). Thus it seems that As is a CL quencher in fluorapatite. The same phenomenon is observed in the anhedral grains of fluorapatite close to the veinlets, the patchy zoning being due to fluid circulation along cracks (Fig. 6a) . The high As (Fig. 6b ) and low P (Fig. 6c) contents are located in the high-Z areas on the BSE images (Fig. 6a) , and the As distribution is linked to late circulation of fluid. The CL spectrum of this type of fluorapatite (Fig. 7) is similar to that in the emeraldgreen quartzitic horizon (Fig. 4) .
The more strongly luminescent fluorapatite from the emerald-green quartzite horizon contains traces of Mn and Sr, whereas As is very low to absent (Table 1 ). In the grey to pink quartzite horizon, the compositional variation in the fluorapatite is greater ( Table 2 ). The luminescent zones show a high concentration of Sr (Table 2 , anal. 1), whereas in the dark CL center (Fig. 3b) , the Sr content decreases and As 2 O 5 reaches 9.55 wt%. In the fluorapatite close to the veinlets, a slight increase in Sr coupled with a strong increase in As (Table 3) is observed. The substitution of P by As is limited in the fluorapatite of type I from this emeraldgreen horizon. The chemical variation in the type-I fluorapatite from the grey to pink quartzitic layers is more marked, as revealed in their BSE images. The most luminescent areas show the highest Sr content (Table 2, anal. 1), whereas the Mn content is below the detection limit (<10 ppm) of the electron microprobe in the core, which appears dull under CL (Fig. 3b) . A strong increase in As content is coupled with a decrease in Sr content. On the contrary, the composition of the fluorapatite close to the veinlets (Table 3 ) exhibits an increase in both As and Sr contents. The highest values of both elements are restricted to areas close to the fractures, indicating that their enrichment is probably due to late circulation of fluid. The highest As values are correlated with a decrease of Mn and an increase of Sr and Si. In the first type of fluorapatite from St. Marcel -Praborna, there is a direct link between the extent of substitution of P by As and the decrease in intensity of the luminescence, but the crystals are never completely dull. Figure 4 . The most intense spectrum (1) corresponds to the rim (Fig.  3b) , and the least luminescent spectrum (3), to the core of the crystal (Figs. 3b, c) . The intensity of the Mn 2+ peak at 577 nm decreases drastically from core to rim; the emissions in the UV domain are nearly constant.
Fluorapatite of type II, with a moderate CL emission
Crystals of type-II fluorapatite are anhedral, from 1 to 3 mm in size, appear porous under the microscope, and contain abundant cracks. These crystals occur in late-stage centimetric veinlets, are devoid of inclusions, and contain relict features of growth zoning. They are associated with cryptomelane, Fe-rich braunite, strontian piemontite, aegirine-augite (Morimoto 1989) , and rare titanite. In the wider veinlets, fluorapatite occur associated with quartz, albite, manganoan tremolite (Leake et al. 1997) , hematite, strontian piemontite, Sbrich rutile and Fe-rich braunite, with numerous inclusions of richterite. The type-II apatite is characterized by numerous cracks, extensive porosity and weaker yellow to green CL emission (Fig. 8) , and weak patchy zoning attributed to dissolution and recrystallization. Some crystals present relics of growth zoning (Fig. 9) . The CL intensity also is weaker, in some cases completely quenched, and only the Mn 2+ band at 577 nm is observed (Fig. 10) . This type of fluorapatite has the highest Sr content. Sr enrichment in the apatite is linked to the late Sr enrichment of the piemontite and oxides (Perseil 1988 , Perseil & Smith 1995 . A coupled substitution occurs: As replaces P, and Sr replaces Ca. The As content never exceeds 4%, and V increases with Sr and As (Table 4) .
Fluorapatite of type III, with a low CL intensity or none at all
The third type of fluorapatite occurs in late brecciated millimetric veinlets. These crystals also are broken and porous when viewed under the microscope. In some veinlets, brecciated fragments are associated with Sband As-rich titanite (Perseil & Smith 1995) , skeletal strontian piemontite, roméite, Mn-rich phlogopite and hematite. The CL emission is too weak to photograph with the Technosyn Mark II device. Crystals of type-III fluorapatite are broken and have a high density of FIG. 6 . Images of fluorapatite of type I corresponding to the yellow CL fluorapatite on Figure 1f . Note the contrast between the primary apatite and the compositionally modified apatite along the fractures, and the patchy zoning due to replacement and recrystallization shown on the BSE image (a). b. As X-ray map. c. P X-ray map.
cracks. In some cases, growth zoning is preserved in these grains. As in the type-II apatite, the CL emission is light yellow to green or grey (Figs. 11a, b) . The CL intensity is weak, and only the Mn 2+ band is observed at 577 nm. BSE images reveal that the As content increases close to the rim, the microcracks, and in the dislocations (Figs. 12, 13 ). Analyses show also that the edges of the cracks are enriched in As (Table 5 ). These highly disrupted crystals of fluorapatite are generally associated with As-and Sb-bearing titanite (Perseil & Smith 1995) . Contrary to fluorapatite of type II, the Sr content does not seem to be linked to the substitution of P by As.
INFLUENCE OF CRYSTAL CHEMISTRY OF As-BEARING FLUORAPATITE ON INTENSITY OF CATHODOLUMINESCENCE
In the fluorapatite from St. Marcel -Praborna, As contents are as high as 9.55 wt% As 2 O 5 . Similar high values (up to 13.8 wt%) were reported recently in apatite from Mn ores from quartz-rich pink schists from the Starlera deposit, Val Ferrera (Brugger & Gieré 1999) . The main substitution in the tetrahedral position is that of P by As. Arsenic can occupy one-sixth of the P content in apatite (Fig. 14a) . The least-luminescent examples of fluorapatite are the richest in As; the very bright yellow luminescent fluorapatite of type I has prac- tically no As in the tetrahedral site. Sr content is as high as 5.35 wt% SrO, and similar values are reported in apatite from lamproite (Edgar 1989) . Sr is the main cation replacing Ca in the polyhedra (Fig. 14b) . The highest Sr contents are found in the least-luminescent grains of apatite, but apatite exhibiting very intense cathodoluminescence or no luminescence may have similar Sr and Ca contents (Fig. 14b) . Besides Sr, which occupies only the Ca(1) site, Mn is the second most abundant cation, and it may occupy both Ca sites (Hughes et al. 1991a) . The sum Mn + Sr displays an excellent correlation with Ca content (Fig. 14c) , indicating that the other cations such as the REE are only accessory in these sites.
No correlations exist between Mn and Ca (Fig. 14c) . Very strongly luminescent fluorapatite is the richest in Mn (Fig. 14d) , but luminescent and nonluminescent apatite plot together at low Mn values (Fig. 14d) . The weakly luminescent and non-luminescent apatite are also the least fluorine-rich (Fig. 14e) , and more enriched in As and OH (Fig. 14f) . The same correlation between F and As was observed by Brugger & Gieré (1999) . If Mn-rich fluorapatite is invariably luminescent, Mn-poor apatite can have a bright luminescence only if it contains less than 0.12 atoms per formula unit (apfu) of As, and the very weakly luminescent to nonluminescent crystals of apatite contain less than 0.55 apfu As (Figs. 14a, 15a) . In sector-zoned topaz from San Luis Potosi, Mexico, Northrup & Reeder (1994) observed different As concentrations within the various subsectors. The incorporation of up to 40 ppm As seems to play a role on the yellow CL emission of the subsector of the topaz. In the case of the fluorapatite, such low concentrations of As could also play a similar role in CL via an energy-transfer process; however, the drastic increase in As quenches all luminescence, probably as a result of defect-related phenomena. On the contrary, luminescence intensity is not coupled with the REE content (Fig. 15b) . FIG. 11 . CL microphotograph of fluorapatite of type III (sample S.M. 93) with a pale green hue (a) associated with pale orange carbonate and feldspar. In the second apatite of type III (b), the green dislocated mineral presents a yellow oscillatory growth-zone, which is a relic of the primary apatite. The pink to pale orange luminescent feathery minerals are calcite and albite.Width of photographs : 5.1 mm.
The role of As in the quenching phenomenon is obvious, but the mechanism is still debated. It is probable, as proposed by Hughes & Drexler (1991) , that disorder in fermorite can be induced by As substituting for P in the tetrahedral site, owing to the very different size, 0.335 Å for IV As and 0.17 Å for IV P (Shannon 1976) , although this happens without causing major structural distortions in the apatite structure (Hughes & Drexler 1991) . However, this small disruption in the atomic arrangement is perhaps sufficient to quench the luminescence phenomenon. The disorder due to [AsO 4 ] vibration was also observed by Raman spectroscopy (Perseil & Smith 1999) . Disorder due to As can also showing the irregular enrichment of the rim in As (white), as well as the trace of As circulating fluids along the cracks (light grey). On the contrary, the As-rich zones are dull in the CL image (c), and the microcracks, shown by the arrows, are less luminescent than the primary apatite. The replacement of P (d) by As (e) is illustrated in the X-ray maps.
change the position of the anion (Fig. 14f) , the OH species being disordered compared to F (Hughes et al. 1989) .
CONCLUSIONS
The quenching effect of the Mn 2+ peak by Fe 2+ has been demonstrated on synthetic carbonate fluorapatite (Filippelli & Delaney 1993) . The As-bearing fluorapatite of St. Marcel -Praborna shows a high REE content and iron commonly below the detection limit of the electron microprobe. However, the presence of As in the apatite structure quenches first the sharp REE emission lines corresponding to the f-f electronic transitions. It affects less the broad Mn 2+ emission band corresponding to the d-d electronic transition. However, with the strong increase of the As content, up to 10 wt% As 2 O 5 , the emission due to Mn 2+ is also completely quenched. The increase of the As content in the fluorapatite of type II and III from St. Marcel -Praborna, with inferred slight distortions in the structure of the apatite, could be responsible for the quenching of the luminescence observed in these samples. The presence of As-bearing fluorapatite at this locality is related to fracturing of the minerals and linked to late circulation of fluid enriched in As and Sr. was also greatly improved by the comments and suggestions of the editor.
